The impact on EMC of various types of interconnect is well known. Cabling of all kinds is present in varying lengths in all installations and by its nature is exposed to a range of EM threats. It is inevitable that in these circumstances there are considerable uncertainties in geometrical and cable parameters which have an impact on EMC performance. The ability to incorporate models of a range of cable features in industry standard software and thus predict performance is therefore key to efficient whole system EMC modeling.
Introduction
One of the most significant coupling paths for electromagnetic interference into systems is via cables [1] . This may be cable to cable coupling within a bundle of conductors or coupling from an illuminating electromagnetic field [2] - [4] . These coupling effects may be enhanced by non-ideal cable terminations such as pigtail connections of shields or by crosstalk within connectors [5] . In addition, imperfect cable shields allow coupling via transfer impedance and transfer admittance [6] [7] .
The significant impact that cables have on EMC performance therefore drove the development of the theory of signal propagation on multi-conductor transmission lines (MTLs) and the 1980s and 90s was a very active period of development for EMC simulation tools focusing on cables. This included the development of distributed-parameters models (as opposed to lumped parameter models) of MTLs. Significant effort has been put into developing circuit equivalent models for multiconductor cable bundle simulation that included the effects of imperfect shields and incident field excitation which could be implemented with the SPICE circuit simulation environment [8] - [16] . These models, suitable for both frequency domain and transient simulation provided the capability to incorporate realistic transmission line effects into circuit level simulations, including interactions with non-linear terminations. These SPICE transmission line models provided a significant step in capability beyond the transmission line models made available within SPICE itself. However, these developments were not incorporated into a simulation tool that was freely available to the EMC community.
There was therefore a need to consolidate these developments into a single and accessible simulation tool and recently a project has been undertaken, SACAMOS [17] , that implements duly validated, state-of-the-art cables models as SPICE circuits including advanced features such as accurate shield modeling and field-to-cable coupling The implementation is based on the large amount of literature available on the subject and the product of this work is released as open source software which allows for the development of sophisticated cable bundle models which take the form of sub-circuits that may be embedded in SPICE simulations.
The main features of these models include:
• Distributed-parameter cable models with frequency dependent parameters, directly usable in time domain for transient analyses.
• Modeling of most common cables used in many systems, including spacecraft with validity up to 1 GHz.
• Arbitrary cable terminations (including non-linear).
• Modeling of imperfect shields connections (terminations).
• Modeling of grounding and dissymmetry effects and resulting common mode to difference mode conversion.
• Modeling coupling to cables from an illuminating electromagnetic field.
The aim of this paper is to give an overview of the development of the SPICE cable bundle models and how the different elements of significance to EMC studies are included within the model. The validation of the models is discussed before going on to demonstrate the application of the models in realistic scenarios; a crosstalk calculation in a SpaceWire system and the simulation of an ESD test.
Basic Theory and Assumptions
The standard approach to developing the theory for the analysis of multi-conductor transmission lines is that we assume that the cable bundle cross section is small compared to the shortest wavelength of interest. It is also assumed that the cable bundle (including a ground plane if present) carries no common mode current i.e. the sum of the currents is zero ( I = 0) at any point along the length of the cable, thus there is no antenna mode and radiation is neglected. Finally, it is assumed that the transmission line is straight and the cross section (x-y plane) is uniform along its length (z). However, transmission line models may be cascaded in order to develop a model of an inhomogeneous transmission line, this may be useful for example in modeling a transmission line terminated with a connector or a shielded cable with a pigtail shield termination.
In addition to these basic assumptions, in the development of the SPICE cable bundle models from the basic transmission line theory the following is also assumed:
• The conductance term is zero at dc i.e. G=0.
• A weak form of transfer impedance coupling is assumed.
• Transfer admittance coupling may be neglected.
• We assume only common mode coupling to twisted pairs, though common mode to differential mode coupling may occur at terminations through termination circuit imbalance..
The models being developed here are deterministic models by which we mean that the conductor configuration in the cable bundle is accurately known and that the cable characteristics per unit length; inductance (L), capacitance (C), resistance (R), conductance (G), and transfer impedance (ZT) are known, including their dependence on frequency.
It should be emphasised at this point that in a real cable installation these assumptions are extremely unlikely to be satisfied and that there will be significant uncertainty in the cable bundle cross section configuration especially and the assumption that a cable bundle is uniform along its length is highly unlikely to be satisfied in practice. The individual cable characteristics (L, C, R, G, ZT) are also likely to be based on limited information. It should also be noted that the terminations of cables and grounding arrangements of equipment are found to be very significant in the analysis of EMI and there will be a great deal of uncertainty in how these effects are included within cable models. These uncertainties indicate that it should not be expected that a deterministic model of a real cable configuration should accurately reproduce what is seen in practice, especially at high frequency. Having said that, there is still very significant value in these models in that they will incorporate the coupling paths for electromagnetic interference into models and provide order of magnitude predictions. The models are therefore very valuable in the investigation of the sensitivity of performance to changes in design and they will also demonstrate the effects of mitigating strategies such as the use of common mode chokes or different cable shielding configurations. In the frequency domain we may write where Equations (2) may be combined to give the uncoupled second order equations
The solution of multi-conductor transmission line systems is frequently sought using the technique of modal decomposition where we may start from one of the uncoupled second order equations. The modal decomposition is based on a change of variables which diagonalises the matrix system e.g. for the voltage based equation (4a), and using (5) we have
In a similar manner we could work in terms of conductor currents where we would obtain a modal decomposition
In effect the modal decomposition allows the system to be decomposed into a set of uncoupled equations, one for each mode of the transmission line system. Such a modal decomposi-
tion is fundamental to the SPICE cable bundle model.
In the discussion so far, it has been assumed that the cable bundle characteristics are constant however, in reality the finite conductivity of conductors and the effect of frequency dependent dielectrics mean that the cable per-unit-length parameters are dependent on frequency. This causes significant problems for developing a general cable model, especially one for use in transient analysis as the modal decomposition, characteristic impedance, plus wave velocity and attenuation of modes are also functions of frequency.
The Problems of Losses, Including Frequency Dependent Loss
We consider initially a single mode system consisting of two parallel cylindrical conductors in which losses due to the finite conductivity of the conductors is taken into account. The effect of the finite conductivity of the conductors may be taken into account by adding a frequency dependent) contribution to the impedance (Z=R+j L) due to the field within the conductors. For a cylindrical conductor in which the field is constant in the circumferential direction, this internal impedance, Z int , may be found as where and where ber(q) and bei(q) are Kelvin functions [18] . This complex impedance has a resistive and reactive (inductive) element.
The characteristic impedance of the two wire transmission line is a function of frequency given by and figure 1 shows the real and imaginary parts of the characteristic impedance as a function of frequency. At high frequency the characteristic impedance converges to the familiar form however at low frequency where the resistive impedance dominates the inductive impedance the characteristic impedance of the cable behaves in a dramatically different manner;
The propagation factor for a length L of transmission line, e -j l , is also a function of frequency where is given by
The real and imaginary parts of the propagation factor are plotted for a 10m length of a two wire lossy transmission line, figure 2, in which the increasing attenuation of the transmission line at high frequency is clearly shown.
A cable model which includes the effects of loss and the frequency dependence of parameters may be derived which avoids the main difficulties illustrated above whilst maintaining accuracy over a wide frequency range as follows
• Lump the Dc resistance of conductors (R dc ) at the terminations. (Zc then becomes a weak function of frequency).
• Model transmission delay using an ideal transmission line.
• Correct the delayed signals for transmission line dispersion and dissipation using a 'propagation correction' transfer function H(j ) (neglecting the propagation correction leads to the commonly adopted lossless transmission line model).
This approach ensures that the model will be correct at dc and that frequency dependent losses are taken into account. The transmission line losses are corrected for dispersion and loss by multiplying the waves on the transmission line by a 'propagation' correction. This propagation correction is frequency dependent and defined as where
. (10) (11) and are the propagation constants for the frequency dependent transmission line and the idealised, lossless transmission line, respectively. It is important to note that the dc resistance is subtracted as this is included in the model at the conductor termination, also, even though we assume that G=0 at dc this does not preclude the existence of a frequency dependent admittance originating from frequency dependent dielectrics in the cable. This model has been demonstrated to be very accurate over a wide frequency range and for a wide range of termination impedances and generalises to multi-mode propagation. In practice the propagation correction is split between the two ends of the transmission line, half the correction is applied when launching the characteristic voltage waves from the terminations and the other half when they are received at the other end of the transmission line. This is similar in concept to a Zobel network which may be used to compensate for dispersion in a frequency dependent transmission line for example.
Elements of the SPICE Cable Bundle Model
The SPICE multi-conductor transmission line model is based on a number of elements which combine to provide a comprehensive model of a cable bundle in a particular scenario. The model is based on finding equivalent circuits which implement solutions to the transmission line equations in the time domain. In their derivation, the solutions from which the equivalent circuit models are identified are formulated in the frequency domain before transforming to the time domain. The model for frequency dependent propagation based on lumped dc resistance combined with a propagation correction shifts all the frequency dependent properties of the transmission lines to the terminations leaving an ideal, lossless, frequency independent propagation model at the core. This allows models of transfer impedance coupling and incident field excitation, which are derived for the ideal lossless case, to be readily embedded within the more general model.
The different elements which combine to make up the general SPICE multi-conductor transmission line model may be summarised as
• SPICE transmission line model based on the method of characteristics.
• Multi-conductor propagation model based on modal decomposition.
• Frequency dependent propagation model based on the method of characteristics and a 'propagation correction'.
• Propagation within shields dealt with by domain decomposition.
• Weak form of transfer impedance coupling.
• Incident field excitation model for plane wave excitation.
The development of the SPICE models from analytic transmission line solutions will be illustrated by looking in detail at the propagation model based on the method of characteristics.
Method of Characteristics
The solution to the second order equation for a lossless, frequency independent transmission line voltage may be expressed in terms of voltage waves in the ±z directions on the transmission line i.e. the method of characteristics [2] In a similar manner, the current may be expressed in terms of the voltage waves
The voltage waves may be determined from the voltage and current at the terminations. At z=0 we have and at z=l At the termination z=0 we can write the termination condition as and similarly These equations may be readily transformed into the time domain by recognizing the terms as representing a time delay, T, where the transmission line delay.
Thus the voltage and current at the z=0 termination are related by the characteristic impedance of the transmission line plus a voltage source for the delayed wave launched from the z=l termination. A similar relation holds at the z=l termination as expressed in the following equation
These equations may be readily implemented using an equivalent circuit consisting of resistances, controlled sources and ideal transmission lines (delay lines). The SPICE model which implements the method of characteristics is shown in figure 3 . This model is suitable for both frequency domain and transient simulation.
This simple model is simply generalized to implement the frequency dependent propagation model with lumped dc resistance and propagation correction. In this case, once the dc resistance has been extracted to the ends of the conductors, the circuit equations for the model are written as z=0 we have and at z=l (12) ( 1 3 At the termination z=0 we can write the termination condition as similarly Again this transforms into the time domain where the frequency dependent propagation correction transfer function gives a convolution term. The frequency dependent transfer function may be implemented in SPICE using the 's-domain transfer function' element or alternatively by a passive network which implements the appropriate transfer function.
The development of the frequency dependent propagation model is illustrated in figure 4 . Again, the model may be used in ac and transient simulations.
As an illustration of the operation of the frequency dependent propagation model we consider a coaxial transmission line in which we incorporate a frequency dependent skin effect model. The underlying lossless propagation model is derived from the high frequency inductance and capacitance of the cable, neglecting the resistance. The complex propagation correction may be evaluated over the frequency range of interest and a 'best fit' rational function of is found by the vector fitting method [19] or otherwise. A SPICE circuit model for the lossy transmission line is generated as illustrated in figure 4 above and a termination circuit is connected at each end as shown in figure 5 where R=50 .
The load end voltage VL is shown as a function of frequency in figure 6 for the SPICE model and for the analytic solution using the true frequency dependent parameters of the cable. The effect of the frequency dependent loss is clearly shown as is a small discrepancy between the analytic and SPICE solutions due to the lumping of the dc resistance. This difference is zero at dc since the dc resistance is extracted, the SPICE model is always correct at dc. The SPICE model and the analytic solution converge at high frequency as the SPICE model is derived using the high frequency inductance and capacitance. The frequency dependent resistance, which increases with frequency and therefore dominates the dc resistance is properly taken into account in the propagation correction.
Modal Decomposition Network
The use of the lumped resistance and propagation correction approach may be generalised to multi-mode propagation. Again, the process is to lump the dc resistance of each conductor at the terminations and then use the high frequency inductance and capacitance matrices to create a model of an ideal transmission line. The SPICE model is based on the propagation of individual modes and the matrix multiplication which achieves the modal decomposition (equations (5) and (7)) may be implemented in SPICE using controlled sources as illustrated in figure 7 .
The propagation of each mode is again implemented using the method of characteristics and a propagation correction may again be applied.
Domain Decomposition Network
In modeling shielded cables a 'domain decomposition' approach is taken in which shielded domains are dealt with separately. These domains may be coupled through a weak form of transfer impedance coupling. The voltages and currents in each domain are referenced to their own reference conductor. For a shielded domain the reference conductor would usually be the shield itself. The voltages and currents defined relative to a local reference are related to the voltages and currents with a single global reference via matrix relations. This is illustrated by considering the coaxial cable above a ground plane as seen in figure 8 .
In this case the local, domain based voltage and current quantities are related to the global voltage and current by
The implementation of the change of variables via these matrix relations is handled in a similar manner to the modal decomposition circuit in figure 7 .
A model for twisted pairs can be developed using the domain decomposition method if we assume that the differential mode of the twisted pair does not couple to the rest of the bundle. In figure 9 the global voltage and current variables are shown along with the common mode and differential mode voltages and currents. These are related by the matrix relations Once the decomposition into common and differential modes has been achieved, the common mode is allowed to couple to other conductors and the differential mode is treated in isolation. This model does not preclude the coupling between differential mode and common mode at terminations (including pigtails).
Transfer Impedance Coupling Model
Cable shields are not perfect in that they have a finite conductivity and also the braiding used in shield construction will allow magnetic field penetration through holes between the braids [7] , [20] , [21] These effects allow energy to couple through the shield i.e. cable shields are a potential coupling path for interference. The effect of imperfect shields may be characterised by a transfer impedance (here we neglect transfer admittance coupling) which, in the weak form of transfer impedance coupling considered in the SPICE cable model, introduces a voltage source on the 'victim' side of the shield which is equal to the current on the 'source' side of the shield multiplied by the transfer impedance.
The effect of transfer impedance coupling may be introduced into the SPICE cable model by writing an analytic solution for the cable propagation in the source and victim domains which include the transfer impedance source term on the victim domain [14] , [15] . The derivation of the solution is somewhat protracted so here an outline of the solution methodology will be described.
Starting from the method of characteristics in the source domain, we may express the current on the shield at any point z in terms of voltage waves in the +z and -z directions shown as the purple arrows in figure 10 .
On the inside of the cable there is a distributed source term due to the transfer impedance coupling i.e. the voltage and current on the inner domain are described by
Where Z T is the transfer impedance of the shield. At any point z, the transfer impedance source term launches waves in the +z and -z directions in the victim domain (blue and red arrows in figure 10 ). These voltage waves are integrated up to calculate the total contribution to the incident voltage waves at the ends of the cable (z = 0 and z = l). The total transfer impedance contribution is then included in the SPICE cable model as an equivalent source term at each end of the cable whose values may be determined using controlled sources and delay lines (ideal transmission lines).
The SPICE model for transfer impedance coupling is suitable for both Ac and transient analysis. As a demonstration of the transfer impedance coupling model, the circuit shown in figure 11 has been simulated where a source on inner wire of the matched coaxial cable couples through the transfer impedance of the shield to the outer wire. Figure 12 shows the received voltage on the single wire termination resistor at the right had end.
Incident Field Excitation Model
A further potential source of interference is coupling of an incident electromagnetic field onto a cable. As for the transfer impedance coupling, an incident field gives rise to distributed source terms in the transmission line equations in the victim domain [2] , [3] .
The derivation of a SPICE model which takes the incident field excitation into account may be derived in a similar manner to the transfer impedance model as shown in figure 13 [14] , [15] . The voltage at any point is the combination of voltage waves launched from the terminations (purple) plus voltage waves launched by the distributed incident field source terms (red, blue). The voltage waves launched at any point, z, on the victim transmission line are written in terms of the incident field source terms V Einc (Z) and I Einc (Z) and the voltage waves are integrated up to calculate the total contribution to the incident voltage waves at the terminations.
If the incident field is assumed to be a plane wave then the integrations required to evaluate the equivalent source terms at (27) (28) the cable terminations may be evaluated analytically and an equivalent circuit may be derived. Again, this circuit consists of controlled sources and ideal delay lines. Figure 14 shows a three wire configuration illuminated by a plane wave with E field polarised along the length of the cable. Figure 15 shows the transient voltage V1 when the transmission line is illuminated by a pulse plane wave.
An additional complication arises when a shielded cable is illuminated. A rigorous model must include transfer impedance source terms in the domain within the shield which originate from the direct interaction from illuminating field to outer transmission line current then via transfer impedance coupling (before interacting with the terminations) onto the inner domain. It should be noted that once the waves excited by the incident field have scattered from the terminations they are taken into account by the normal transfer impedance model thus the additional terms should not have a great effect where there is significant mismatch in the termination circuit. These additional terms have been included in the derivation of SPICE models for incident field excitation of shielded cables by Xie [14] - [15] where it is remarked that for a plane wave excitation the integrations may be evaluated analytically and an equivalent circuit model made up of controlled sources and delay lines, suitable for both ac and transient simulation results. Figure 16a shows the result of coupling of a plane wave onto the inner wire of a coaxial cable for the test case of two parallel, matched, coaxial cables whose shields are terminated at the ends via a very small impedance. The result shows significant discrepancies between the SPICE model and an analytic solution apart from around the peaks of the response. This may be expected as the peaks are due to resonance in the external circuit which not be significantly influenced by the neglect of the initial field to inner wire interaction. If the additional direct field to inner wire interaction is taken into account then the agreement between the analytic solution and SPICE model (figure 16b ) is seen to be excellent over the whole frequency range of the simulation. 
Calculation of Per-unit-length Parameters
Cables and bundles are characterised by their per-unit-length inductance, capacitance, resistance and admittance. These parameters may be calculated by analytic formulae for simple configurations however in the general case a numerical solution is required.
A solution for the 'high frequency' inductance and capacitance matrices for the lossless configuration which is required for the modal decomposition and the 'ideal' propagation model may be found by a Finite Element solution of the Laplace equation [22] - [23] . This may take into account dielectric regions that include losses. A typical triangular mesh for the finite element solution of a cable cross section is shown in figure 17 .
In our models we take the effect of the effect of the magnetic field within conductors into account by adding impedance terms based on analytic solutions for the impedance (resistance and inductance) due to the field internal to the conductors.
Complete SPICE Transmission Line Model
The development of circuit equivalent models of multi-conductor transmission lines for different aspects of EMI simulations has been described. All these different aspects may be combined to give a comprehensive SPICE multi-conductor cable modeling capability for EMI simulations in both frequency and time domains. Part of this complete model for one termination only is shown in figure 18 .
Implementation
Software which generates these models for simulation in Ngspice, LTspice and Pspice has been developed in the open source project SACAMOS (State of the Art CAble MOdels for SPICE). The software supports a number of different cable types; for example single wires, coax, twinax, twisted pairs, shielded twisted pairs, SpaceWire, as well as a connector model (D connector), overshield model and a ground plane. These may all be arbitrarily combined to build bundles of cables. A finite element solution forms part of the software for the solution of the per-unit-length inductance and capacitance matrices.
Different simulation scenarios may then be specified for a bundle; namely bundle length, incident field excitation, transfer impedance coupling, which then allows a SPICE cable bundle model to be generated. The SPICE cable bundle models take the form of SPICE sub-cir- cuits which may be embedded in models of termination circuits. The ability of the models to operate in both frequency and time domain means that in principle there is no restriction on the elements of the termination circuits i.e. non-linear terminations may be included and system level models may be simulated. The entire model building process is supported via a graphical user interface, figure 19 .
Validation
In order to give confidence in the SPICE cable models developed, an extensive validation process has been performed. Validation has been against both analytic solutions and measurement for many configurations of increasing complexity. Analytic solutions based on modal decomposition were obtained in the frequency domain using the correct frequency dependent properties at each frequency. Transient results for validation were obtained from the frequency domain analytic results by the inverse Fourier transform method for linear terminations. Comparisons with analytic and measured data have shown that the SPICE cable models give excellent results in all of the configurations studied.
Demonstrations
As the development of SPICE multi-conductor transmission line models has been outlined and we now generate and apply these models to two scenarios to illustrate their application.
Firstly, an analysis of propagation and crosstalk in a SpaceWire system and then a simulation of an electrostatic discharge (ESD) event is presented.
SpaceWire Connector Crosstalk Model
SpaceWire is a standard for high speed point to point digital communication on board spacecraft [25] . A SpaceWire cable consists of four shielded twisted pairs within an overshield. Two of the twisted pairs are for communication in each direction. Low voltage differential signalling is used with one of the twisted pairs carrying the data signal and the other carrying a strobe signal where the strobe signal changes state when the data signal remains unchanged thus a clock signal can be recovered from the data and strobe signals. SpaceWire links are terminated with 9 pin micro D connectors. The wiring of the connectors in a SpaceWire cable is shown in figure 20 . The shields of two of the shielded twisted pairs are joined and terminated to pin 3 of the connector at the transmitting side of the link i.e. the Dout and Sout shielded twisted pairs. The overshield is terminated to the connector shell.
The purpose of this model is to investigate the crosstalk in a SpaceWire link introduced by the micro D connectors.
The shielded twisted pairs in the SpaceWire model shown in figure  21 are designed to have a differential mode impedance of 100 however in the model we have made the characteristic impedance of the differential mode slightly different to include the effects of a mismatched transmission line. The model of the shielded twisted pairs includes the finite conductivity of the conductors, the dielectrics are assumed to be frequency independent and lossless. A transfer impedance is included in the model for both the shields of the twisted pairs and the outer shield. Figure 21 shows the Finite Element meshes used in the calculation of the inductance and capacitance matrices of the shielded twisted pairs and the region between the outer shield and the shields of the twisted pairs. The finite element solution takes the inhomogeneous cross section i.e. the dielectrics surrounding the conductors into account. The micro D connector is modelled as a short length of transmission line whose cross section is that of the connector. The finite element mesh used for the per-unit-length calculation is shown in figure 22 . The conductors in the connector model are assumed to be perfectly conducting.
A model of the cable shown in figure 20 is created by cascading a SpaceWire sub-circuit model for 10m of cable with models of 2cm lengths of the micro D connector transmission line at either end where care is taken to ensure that the correct connections are made between the SpaceWire conductors and the connector model.
The termination circuits at either end consist of the following:
• Receiving end twisted pair conductors (Din +, Din-, Sin+, Sin-) are terminated by 100 connecting the two conductors i.e. terminating the differential mode with a matched termination.
• Transmitting end twisted pair conductors (Dout+, Dout-, Sout+, Sout) are driven by a current source with amplitude 3.5mA. This current source, driving the transmission line impedance of 100 gives a differential voltage of 350mV on the shielded twisted pair.
• All conductors are connected to the micro D connector shell (reference conductor) at either end by an impedance of 1M to avoid floating nodes in the SPICE model.
An ac current source is used to drive a differential mode signal between the Dout+ and Dout-conductors at end 1. The differential mode voltage at the transmitting end of the cable is shown in figure 23 along with the receiving end differential mode voltage. The effect of the slight mismatch between the differential mode impedance and the termination impedance is seen in the small variation of the differential mode voltage with frequency. The effect of the frequency dependent losses is seen in the reduction of the receiving end voltage as frequency increases. Figure 24 shows the crosstalk between the Dout differential mode and the Sin differential mode at end 1 of the SpaceWire cable. This coupling is entirely due to the connectors as the shielded twisted pair model assumes that there is no coupling between the differential mode and any other conductors. The connector causes an imbalance in the system which gives rise to common mode to differential mode conversion and hence enables the signal to couple to other conductors in the connector.
ESD Test Simulations
Electrostatic discharge (ESD) has the potential to disrupt and even permanently damage electronic systems and electrostatic discharge testing is required to ensure that systems can handle these events adequately. SPICE may be used to simulate an electrostatic discharge event. It is important to include transmission line models in these tests as cables may well be the points at which an electrostatic discharge occurs and pigtails, connectors etc will have a major impact on the coupling of the ESD pulse into the system under test. A simple ESD pulse generator circuit is shown in figure 25 [26] along with the voltage produced when discharged into a 1 resistive load. The circuit is designed to generate a single pulse (although generator circuits have been described [27] - [28] which produce the 'double pulse' as defined in the European Standard [29] ). The ESD generator circuit is readily incorporated in the SPICE system model and the discharge pulse may be applied to different elements of the model to assess the coupling of the pulse into the system. Figure 26 shows the full ESD test configuration consisting of a single shielded twisted pair cable above a ground plane. Pigtails terminations are shown as is the ESD application point on the shield at one end. The model in its full configuration consists of three cascaded transmission line models, two for the pigtails (three wires over a ground plane) and one for the main cable (1m shielded twisted pair over a ground plane.) The shield is terminated to the ground plane by 0.1 resistances at either end, and the shielded twisted pair conductors are terminated with a split T termination consisting of two 60 resistances with a central capacitance to ground. Figure 27 shows the differential voltage on the shielded twisted pair when pigtails are present. This differential voltage is the result of common mode to differential mode coupling due to the pigtail and is clearly sufficient to cause disruption to the operation of the CANBUS system.
If the electrostatic discharge is direct to the shielded twisted pair conductor (as opposed to the shield) then the differential mode voltage developed is very high as seen in figure 28 . In order to protect against this, transient voltage suppression diodes (TVS) may be included in the system. If such a circuit is included in the SPICE model then the resulting differential mode voltage is significantly reduced as seen in figure 29 .
Conclusions
The ability to include sophisticated models of transmission lines in SPICE, including the effects of crosstalk, transfer impedance coupling, frequency dependent parameters and incident field excitation allows the simulation of EMI effects on complex systems.
The SACAMOS project implements realistic cable models for simulation in SPICE environments (Ngspice, LTspice and Pspice) which include the most significant aspects of cable coupling for EMI simulations. These models have been extensively validated against analytic solutions of the transmission line equations to give confidence in the results
The demonstrations presented here have shown that the models are capable of being applied in realistic configurations including system level simulations to include the effects of electromagnetic interference. The ability of the SPICE model to simulate non-linear termination circuits and transient effects has been seen in the electrostatic discharge simulations. The effects of EMC/EMI mitigation strategies and circuit elements can be directly included in the models so that their effect may be assessed.
It is important to emphasise that there is a great deal of uncertainty in the development of cable models due to unknown con- ductor configuration, poorly characterisation of cables, unknown termination configurations (pigtails etc) and so it should not be expected that these models will predict the system response with high accuracy. The models are useful in that they will clearly show how different aspects of a cable installation will influence the response for example the effect of pigtail shield terminations, the use of twisted pairs as opposed to untwisted conductors, effect of different shield termination configurations, or crosstalk in connectors.
